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a b s t r a c t

Using time-resolved technique of laser flash photolysis (LFP), it has been demonstrated that benzoic acid,
2-hydroxy-, 2-d-ribofuranosylhydrazide (BHR) in aqueous solution can be ionized via a mono-photonic
process under 266 nm laser, giving a hydrated electron, anion radical that formed by hydrated electron
reacts with steady state of BHR, and neutral radical that formed from rapid deprotonation of the radical
cation of BHR. The quantum yield of photo-ionization is determined to be 0.024 at room temperature.
eywords:
-Hydroxy-, 2-d-ribofuranosylhydrazide
BHR)
aser flash photolysis
ono-photonic ionization

Furthermore studies on the reaction of BHR with the primary irradiated products of water such as eaq
−

and •OH, and with •N3 have been determined. On the basis of comparison of the results from LFP with that
obtained from time-resolved pulse radiolysis, the reaction mechanism has unambiguously identified.

© 2009 Elsevier B.V. All rights reserved.
ulse radiolysis
adical

. Introduction

Photodynamic therapy (PDT) has been applied in many aspects,
uch as the treatment of variety of tumors, the purification of blood
roducts [1–3] and photo-induced inactivation of viruses [4]. PDT

s based on that the photo-sensitizer can be concentrated in tumor
ells and upon subsequent exposure to light in the presence of
xygen, specifically used to destroy the tumor cells [5–7]. The con-
ensus of opinion is that most PDT sensitizer acts via the type II
rocess involving energy transfer from triplet sensitizer to oxygen,
roducing cytotoxic singlet oxygen [8]. Alternative mechanisms
xist that involve generation of radical species and are generally
rouped under the type I reaction definition [9]. As part of the con-
inuing research in this area, there has been a major search for
etter photo-sensitizer. This has resulted in part a large number
f studies on modifying some existing photo-sensitizers through
arious synthetic methods.

Salicylic acid derivatives are widely used for the treatment
f various diseases. For example, acetylsalicylic acid is the most

idely used drug in the world, 4-aminosalicylic acid is used

or tuberculosis treatment and diflunisal is a strong pain killer
nd antipyretic [10], and salicyhydroxamic acid and salicylic acid
erivatives can be involved in proliferation inhibition of tumor

∗ Corresponding author. Tel.: +86 21 65982595; fax: +86 21 65982286.
E-mail addresses: chenglingli 6@hotmail.com (L.-L. Cheng),

sl@mail.tongji.edu.cn (S.-L. Wang).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2009.09.002
cells [11]. The wide ranging biological activities of salicylic acid
derivatives in general and their anticancer activities in particular
have generated considerable interest to study the physicochemi-
cal properties of them. Several studies show that in the aqueous
solution under the 308 nm laser excitation, sulfosalicylic acid gives
rise to the triplet state of the dianion, the hydrated electron and
its radical anion [12,13]. Glycosides represent a group of molecules
with immense biological applications and implications. It has been
reported that the biological activity of butyrate can be tuned by
sugars to improve its anticancer properties [14], as well as N-
Glycosides of indole and of related compounds are of remarkable
pharmacological relevance, e.g. as anticancer agents [15].

In our present paper, the photo-physical and photo-chemical
behavior of a new kind of N-Glycoside salicylic acid derivative, ben-
zoic acid, 2-hydroxy-, 2-d-ribofuranosylhydrazide (BHR, as shown
in Scheme 1), was studied by means of laser flash photolysis (LFP)
and pulse radiolysis. It has been demonstrated that exposure of BHR
in aqueous solution to 266 nm laser light can give rise to mono-
phonic ionization with high quantum yield. The transient species
produced from LFP have been identified, and a series of related
kinetic parameters have also been obtained.

2. Experimental
2.1. Chemical reagents

BHR was kindly supplied by Dr SiChang Shao (Fuyang Normal
College, Fuyang, China) and used without further purification. Its

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:chenglingli_6@hotmail.com
mailto:wsl@mail.tongji.edu.cn
dx.doi.org/10.1016/j.jphotochem.2009.09.002
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tion of t-BuOH in the solution (Eqs. (2) and (3)) (Fig. 3), thus it should
be assigned to the hydrated electron (eaq

−) [21]. This means that
BHR is photo-ionized by 266 nm light to produce eaq

− (Eq. (1)) [22],
which can be scavenged by N2O to produce OH− and •OH as shown
Scheme 1. Structure of BHR.

urity (≥99%) was checked by HPLC. NaN3 was purchased from
ldrich (Milwaukee, WI). K2S2O8 (analytic grade) was recrystal-

ized from triply distilled water. Tert-Butyl alcohol (t-BuOH) was
istilled before use. NaOH, HClO4 and phosphate (analytic grade
eagent) were commercially available and used without further
urification.

Unless otherwise indicated, all solutions were freshly prepared
ith triply distilled water, buffered with 2 mM phosphate (pH = 7)

nd protected from light at all times. The pH value of the solu-
ion was adjusted by adding NaOH, HClO4 or phosphate solution.
he solutions were deaerated with high-purity N2 (≥99.99%), N2O,
r O2 (≥99.5%) for different purposes by bubbling for at least for
0 min prior to the experiments. For the determination of the
uantum yield of photo-ionization (˚BHR

eaq− ) in aqueous solution,

n N2-saturated aqueous solution of potassium iodide (KI, ana-
ytic grade reagent, recrystallized from triply distilled water) with
he same optical density (OD) at 266 nm was used as a reference
the quantum yield of eaq

−, ˚e− = 0.23) [16]. Ground-state absorp-
ion properties were studied using a UV–vis spectrometer (VARIAN
ARY 50 Probe). All experiments were performed in a 1 cm quartz
uvette at room temperature.

.2. Laser flash photolysis experiments

Laser flash photolysis experiments were carried out using Nd:
AG laser of 266 nm light pulses with a duration of 5 ns and the
aximum energy of 40 mJ per pulse used as the pump light source.
xenon lamp was employed as detecting light source. The laser

nd analyzing light beam passed perpendicularly through a quartz
ell with an optical path length of 10 mm. The transmitted light
ntered a monochromator equipped with an R955 photomultiplier.
he output signal from the Agilent 54830B digital oscillograph was
ransferred to a personal computer for data treatment. The LFP
etup has been previously described [17–19].

.3. Pulse radiolysis experiments

Pulse radiolysis experiments were conducted using a linear
ccelerator providing an 8 MeV electron pulse with a dura-
ion of 5 ns determined by a thiocyanate dosimeter containing
0 mM KSCN solution saturated with N O, and by taking ε− =
2 (SCN)2

600 dm3 mol−1 cm−1 at 480 nm. The light source used for the anal-
sis was a 300 W xenon lamp. The electron beam and the light
eam passed perpendicularly through a quartz cell with an optical

ength of 10 mm. The transmitted light entered a monochroma-
or equipped with a photomultiplier (Hamamatsu R955). Detailed
escriptions of the set up of the pulse radiolysis equipment and
xperimental conditions have been given elsewhere [20].
Fig. 1. Absorption spectrum of BHR dissolved in aqueous solution at pH = 7 (0.5 mM).

3. Results and discussion

3.1. Characterization of photo-ionization of BHR in aqueous
solution

3.1.1. Monophonic ionization of BHR
The UV–vis spectrum of BHR in aqueous solution shows a strong

absorption peak at 220, 235 and 295 nm respectively, as shown in
Fig. 1. The absorbance of 0.1 at 266 nm with 0.5 mM BHR is suit-
able for 266 nm LFP. As shown in Fig. 2, the transient absorption
spectra from 266 nm LFP of a 0.5 mM deaerated solution of BHR
at about 0.1 �s after laser pulse are characterized by two main fea-
tures. These include a strong and broad absorption band from 500 to
700 nm and a strong absorption band with �max = 340 nm as shown
in inset of Fig. 2. The transient species with absorption band from
500 to 700 nm decay fast, and the absorption–time profile observed
at 650 nm can be efficiently removed by N2O-saturated with addi-
Fig. 2. Transient absorption spectra obtained from 266 nm LFP of N2-saturated
0.5 mM BHR aqueous solution at pH = 7 recorded at: (�) 0.1 �s, (�) 1 �s after laser
pulse. Inset: transient absorption curve observed at 340 nm (�), 650 nm (©), respec-
tively.
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ig. 3. Transient absorption spectra obtained from 266 nm LFP of N2-saturated (�),
2O-saturated (©) with 0.1 M t-BuOH added, or O2-saturated (�) 0.5 mM BHR aque-
us solution at pH = 7 recorded at 0.1 �s after laser pulse, respectively.

n Eq. (2) and can be captured by O2 to produce O2
−•. And •OH

an be further scavenged by additive of t-BuOH as shown in Eq.
3) and there is no any transient absorption in detecting region of
00–700 nm with O2

−•. The transient species with the maximum
bsorption at 340 nm, which cannot be quenched in N2O or O2-
aturated system, as shown in Fig. 3, can be mainly assigned to the
ontribution of BHR+• or deprotonated transient product (BHR(-
)•) (Eq. (4)). The further identification of it will be mentioned in

his paper later:

HR
hv−→BHR+• + eaq

− (1)

aq
− + N2O + H2O → •OH + OH− + N2 (2)

OH + t-BuOH → t-Bu•OH(-H) + H2O (3)

HR+· → BHR(-H) · +H+ (4)

n order to determine whether the photo-ionization of BHR by

66 nm photons is caused by a monophoton or a biphoton process,
he yield of eaq

− (at 650 nm which the ratio of signal/noise is higher)
easured from the OD value at 0.1 �s after laser pulse was found to

ncrease linearly with the incident laser intensity (IL) as shown in
ig. 4. The ionization therefore proceeds via a mono-photonic pro-

ig. 4. Dependence on laser intensity of the absorbance at 650 nm immediately after
he 266 nm laser pulse: (�) KI and (�) BHR.
Fig. 5. Absorbance at 340 nm as a function of pH dependence, recorded immediately
after the 266 nm laser pulse.

cess under our experimental conditions. From the slope at 650 nm,
the quantum yield of the photo-ionization (�BHR) is determined to
be 0.024 relative to that for potassium iodide.

3.2. Identification and the characters of BHR+•

The transient absorption of BHR+• observed at 340 nm was
investigated by changing pH value of the N2O-saturated with 0.1 M
t-BuOH added 0.5 mM BHR aqueous solution as shown in Fig. 5. And
pKa value of BHR+• is determined to be 4.0 [23]. This means that
at pH = 7 BHR+• is changed into BHR(-H)• via deprotonation (Eq.
(4)). The long-lived transient species produced in 266 nm LFP with
maximum absorption at 340 nm shown in Fig. 2 must be assigned
to BHR(-H)•. However, the laser photolysis of BHR cannot be made
in acidic aqueous solution (pH < 2) as the molecular structure of
BHR may be changed. So all of the kinetic study on BHR should be
performed at pH > 2.

Since the BHR+• and eaq
− are formed in stoichiometric amounts,

the molar extinction coefficient of BHR+• (εBHR+• ) was determined
using eaq

− as an internal standard [24]. By comparing the transient
absorbance OD0 after laser pulse at 650 and 340 nm respectively,
the εBHR+• can be deduced via the following equation [25]:

OD0� = ε�C�L (5)

OD0� = ε�C�L (6)

(5)/(6) ε�OD0� = ε�OD0� (7)

where ε� = 650 nm and OD0� = 650 nm are the molar extinction coef-
ficient and the OD0 value of eaq

− recorded at the wavelength of
650 nm in N2-saturated aqueous solution, respectively. ε� = 340 nm
and OD0� = 340 nm are the molar extinction coefficient and the
OD0 value of BHR+• recorded at the wavelength of 340 nm in
O2-saturated aqueous solution to suppress the effect of eaq

−.
ε� = 650 nm has been reported to be 14,900 M−1 cm−1 [21], hence
εBHR+• can be calculated as 8880 M−1 cm−1. However, as the BHR+•

should be transferred into BHR(-H)• at pH = 7, here the value
of 8880 M−1 cm−1 should exactly be the molecular extinguish of
BHR(-H)• and εBHR+• of BHR+• should be smaller than that of
8880 M−1 cm−1 at 340 nm though at pH below 4 (see Fig. 5).
3.3. Generation of oxidized BHR radical by the use of SO4
−•

To further identify BHR+•, reaction of BHR with sulfate rad-
ical (SO4

−•) was investigated. As a one-electron oxidant, SO4
−•

can be generated easily with 266 nm LFP from S2O8
2− (Eq. (8)).
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Fig. 6. Transient absorption spectra recorded at (�) 0.2 �s, (�) 1.0 �s and (�)
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.0 �s after 266 nm LFP of deaerated solutions at pH = 7 containing 0.1 M K2S2O8

nd 0.1 mM BHR. Inset: transient time profile observed at 340 nm (�), 480 nm (©),
nd set up and decay curve of BHR(-H)• (�) obtained by subtracting 480 nm from
40 nm, respectively.

hotolysis of 0.1 M K2S2O8 neutral aqueous solution showed the
ormation of SO4

−• with maximum absorption spectra at 350 and
60 nm (data not shown) [26–28]. Concentrations of S2O8

2− and
HR must be carefully designed to make sure that S2O8

2− is prin-
ipal absorber of 266 nm light and the photolysis of BHR can be
gnored. Then the transient absorption spectra of reaction (9) can
e recorded. The transient absorption spectra recorded at 0.2, 1.0
nd 4.0 �s after 266 nm LFP of N2-saturated neutral aqueous solu-
ion containing 0.1 M K2S2O8 and 0.1 mM BHR are shown in Fig. 6.
n increment of absorbance at 340 nm was observed, which indi-
ated that new transient species was formed. As shown in inset of
ig. 6, the growth trace of BHR(-H)• at 340 nm was obtained by sub-
racting the absorbance of SO4

−• at 480 nm (The values have a little
ifference to the normal value, which is due to the absorbent inter-
ction between BHR(-H)• and SO4

−•). The transient species with
bsorption peak at 340 nm could be assigned as BHR(-H)• formed
ccording to the following mechanism:

2O8
2− hv−→2SO4

−• (8)

O4
−• + BHR → SO4

2− + BHR+• → BHR(-H)• + H+ (9)

rom a plot of the observed pseudo-first-order decay rate constant
obs at 480 nm versus the BHR concentration at pH = 7, the rate con-
tant for the formation of the oxidized BHR+• can be determined to
e 2 × 109 M−1 s−1 [29].

.4. Pulse radiolysis of BHR in a flow system

The radiolysis of dilute aqueous solution saturated with
2 leads to the production of three primary highly reactive

ntermediates (eaq
−, •OH, •H) as shown in reaction (10), with

(•OH) = G(eaq
−) = 2.8 and G(•H) = 0.6, besides other less reactive

olecular compounds (H+
aq, H2, H2O2) [30]. The possibility of the

eaction of them with BHR may occur:

2O → eaq
−, •OH, •H, . . . (10)

.5. Reaction of BHR with eaq
−

The transient absorption spectra with a strong broad band
haracterized by the peak at 700 nm (as shown in Fig. 7) can be
bserved immediately after pulse radiolysis of N2-saturated aque-
us solution containing 0.2 mM BHR and 0.3 M t-BuOH with 2 mM
Fig. 7. Transient absorption spectra from pulse radiolysis of N2-saturated aque-
ous solution containing 0.2 mM BHR and 0.3 M t-BuOH at pH = 7 recorded at: (�)
0.01 �s, (©) 0.05 �s, (�) 1 �s. Inset: (A) The absorption–time profile at 650 nm. (B)
The absorption–time profile at 310 nm.

phosphate buffer at pH = 7. Obviously it is the characteristic absorp-
tion of the hydrated electron (eaq

−). Furthermore, a new transient
species with maximum absorption at 310 nm for BHR forms up
accompanying with the decay of eaq

−. As shown in the insets (A)
and (B) of Fig. 7, the formation process observed at 310 nm is syn-
chronous with the decay of eaq

− recorded at 650 nm. When the
solution was saturated with N2O, all of them disappeared. Thus
the new absorption was attributed to be one-electron reduction
specie, the radical anion of BHR (BHR−•) [31]. From the observed
decay kinetics of eaq

− recorded at 650 nm which depends linearly
on BHR concentrations in deaerated solution, the first-order reac-
tion rate constant of BHR−• induced by eaq

− has been obtained as
1 × 1010 M−1 s−1 at pH = 7. So it can be concluded that BHR can be
reduced by eaq

− to produce BHR−• (Eq. (11)). However in the LFP
of BHR, the absorption of BHR−• was not observed, the potential
reason of which could be its molar extinction coefficient far less
than BHR+• and its transient absorption is interrupted by BHR+•:

BHR + eaq
− → BHR−• (11)

3.6. Reaction with •OH radical

The transient absorption spectra with �max = 330 nm obtained
in pulse radiolysis of N2O-saturated aqueous solution containing
0.15 mM BHR buffered with 2 mM phosphate are displayed in Fig. 8.
The transient absorption band will disappear in the presence of
t-BuOH as an efficient •OH scavenger. With combination of the
absorption–time profile of 330 nm as shown in inset (B) of Fig. 8,
it could be derived that the transient absorption with maximum
absorption at 330 nm is from contribution of reaction of •OH with
BHR (Eq. (12)) [32], in which there may be three kinds of reaction
mechanism involved. At first, •OH can attack the phenoxy anion
to produce phenoxy radical of BHR via one electron transfer. The
secondly, •OH can adduct on the phenyl ring to produce (OH-BHR)•

and •OH can also abstract hydrogen from BHR to produce neutral
radical of BHR. So the transient species formed in the reaction may
come from three different processes and the forming process of the
transient species is complex:
•OH + BHR → BHR(-H)• + H2O (12)

From kinetic analysis of the growth trace of this radical prod-
uct, the observed pseudo-first-order rate constant was obtained in
the experiment. By varying the concentration of BHR, a series of
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Fig. 8. Transient absorption spectra obtained in pulse radiolysis of N2O-saturated
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Fig. 9. Transient absorption spectra from pulse radiolysis of N2O-saturated aque-
ous solution containing 0.15 mM BHR and 20 mM NaN3 at pH = 7 recorded at: (�)
queous solution containing 0.15 mM BHR at pH = 7 recorded at: (�) 0.5 �s, (�)

.0 �s, (�) 10 �s. Inset: (A) The observed BHR(-H)• set up first-order rate con-
tant (Kobs) recorded at 330 nm against BHR ground state concentration. (B) The
bsorption–time profile at 330 nm.

bserved constants were obtained as shown in inset (A) of Fig. 8,
nd the rate constant for reaction of •OH with BHR was derived to
e 3 × 109 M−1 s−1.

.7. One-electron oxidation of BHR by the use of •N3

•N3 is proved to be a milder one-electron oxidant in many stud-
es of antioxidants [33–35]. It has a very narrow absorption band
t ∼274 nm and little absorption above 300 nm [33,36] which pro-
ide an important advantage for study of radical cation in pulse
adiolysis studies since it readily allows measurements on many
ransients in a special region where radicals such as Br2

−•, SO4
−•

nd (SCN)2
−• mask observations in short time [37–39]. As a result,

t can be used to directly examine the production of the oxidized
roducts and study details of the oxidation process even when the

nitial radical is present. Thus, to further identify and investigate the
HR+•, •N3 was used as one-electron oxidant model in this study.
s secondary oxidant, it was formed by pulse radiolysis of 20 mM
aN3 aqueous solution saturated with N2O. Under such conditions,

he primary radical •OH totally formed from irradiation of aqueous
olution was converted into •N3 radical as shown in Eq. (13):

OH + N−
3 → OH− + •N3 (13)

ith the concentration of 20 mM azide and 0.15 mM BHR, 99% of
OH radical was converted to •N3 radical on the nanosecond time
cale, which ensured •OH radical would not interfere with the sec-
ndary kinetics.

Upon pulse radiolysis of NaN3 solution saturated with N2O at
H = 7 and containing BHR, the transient absorption spectra with
aximum absorption peak at 340 nm was obtained as shown in

ig. 9, which is very similar to that from photolysis of BHR in N2O
nd O2-saturated neutral aqueous solution (Fig. 3), thus the absorp-
ion peak at 340 nm should be assigned to BHR(-H)• produced from
eprotonation of BHR+•, the formation mechanism of which could
e shown as Eq. (14):

HR + •N3 → BHR+• + N−
3 → BHR(-H)• + H+ (14)
onsidering the best signal to noise ratio, the absorption–time pro-
le at 360 nm was shown in the inset (B) of Fig. 9. From kinetic
nalysis of the growth process of BHR(-H)• at 360 nm (as shown in
nset (A) of Fig. 9), the reaction rate constant for oxidation of BHR
y •N3 was calculated to be 5 × 109 M−1 s−1.
0.1 �s, (�) 0.5 �s, (�) 5 �s. Inset: (A) The observed BHR(-H)• set up first-order rate
constant (Kobs) recorded at 360 nm against BHR ground state concentration. (B) The
absorption–time profile at 360 nm.

4. Conclusion

As a synthetic N-Glycoside salicylic acid derivative drug, the
photo-chemical and photo-physical properties of BHR has been
studied by LFP and pulse radiolysis. It has been demonstrated that
photo-ejection of an electron from BHR via a mono-photonic pro-
cess on exposure to 266 nm light leads to the generation of BHR−•

and BHR+•. The quantum yield of photo-ionization was determined
to be 0.024 at room temperature. The radical cation of BHR con-
verts into the neutral radical via fast deprotonation in neutral
aqueous solution. Furthermore, time-resolved pulse radiolysis has
been used to confirm the reaction of BHR with eaq

−, •OH and •N3
with the rate constants of 1 × 1010, 3 × 109, and 5 × 109 M−1 s−1,
respectively. From these results, we can further deduce that BHR
can be easily oxidized to produce its radical species, which may
attack biological tissue and macromolecules via electron transfer
subsequently meanwhile BHR may be used in PDT as a potential
photo-sensitizer. A series studies involved in the reaction of BHR
radicals with biological system are carried out in our group and the
results will be reported in another paper.
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